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Abstract 



f. Title oHnventrbn: - - , - — 

< Zirconium Alloy . .■ 

2. Scope of Patent: 

- - Zirconium alloy having nodular corrosion resistant properties with the following 
composition:, (% by weight) ~ 

• 0.1 -1.2% Nb, and 0:2 - 1.2% Sn 

• one or more elements: " 
r Fe: less than 0.25% 

Cr: less than 0.20% 
- Ni: less than 0.3% 

• zirconium and impurities (remainder) 

3. Detailed description of the invention: 
(Field of industrial use) 

TItis invention relates to a zirconium alloy having nodular corrosion resFstant properties/ 
(Standard technique used) 

ATTACHMENT B 
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'Zirconium alloy is more resistant to corrosion than zirconium. Its thermal neutron 
' absorption cross-section is smaller, and it is resistant to corrosion from water or high- 
temperature steam. For this reason this alloy is used to manufacture watertight nuclear 
fuel tubes for use in water reactors. 

The different types of zirconium alloy currently in use are zircaloy-2 and zircaloy-4. in 
accordance with ASTM and JIS standards. Zircaloy-2 is used to manufacture watertight 
nuclear fuel tubes for use in boiling water reactors. Zircaloy-4. on the other hand, is used 
to manufacture watertight nuclear fuel tubes for use in pressurized water reactors, and 
pipe casings for boiling water reactors. In addition to the two zircaloys. there are also 
Zr-1Nb, which contains 1 % Nb and is said to be used to manufacture watertight tubes in 
the USSR; and Zr-2.5Nb, which contains 2.5% Nb and is used to manufacture high- 
pressure pipes for use in heavy water reactors (HWR). 

However these zirconium alloys are not perfectly corrosion resistant. For example, an 
abnormal' corrosion phenomenon, nodular corrosion, is observed with the alloys used for 
watertight tubes in water reactors. This nodular corrosion phenomenon is said to be like y 
h to occur with a zircaloy-2 tube for a boiling water reactor. A black, oxidized skin normally 
V appears after reaction with water or high-temperature steam. The nodular corrosion 
phenomenon, however, causes white patches of oxidation to form, thinning the healthy 
part of the tube, which is a very serious problem. 

Several studies of the nodular corrosion phenomenon propose processes for preventing 
nodular corrosion, e.g.: 

1. The nodular corrosion resistant property can be obtained through a process 
whereby the separation structure of the intermetallic compounds that form in the alloy 
(zircaloy-2 or zircaloy-4, hereinafter referred to by the term "alloy") is changed after 
undergoing the following heat treatments: 

o Heat treatment of the outside of the tube (raw or intermediate tube), limiting the 

treatment area to zone (a + b), or b alone; 
o Quenching by sudden cooling. 

2 A method whereby the nodular corrosion resistant property is obtained by 
D incorporating 0.05 - 1 .0% Nb into the alloy (Patent no. S.60 11 985] - 36640). 



(Problems this invention attempts to solve) 

However, there are certain problems with the proposed methods described above. In the 
first method, a complex heat treatment that is difficult to control from the temperature 
standpoint is required, calling for special facilities that can only result in an increase in 
manufacturing costs. 

The second method is a combined method that harnesses the corrosion resistant property 
of the zirconium alloy and the property of Nb as a corrosion resistance enhancement 
agent While it is true that the alloy containing Nb obtained by this method offers better 
corrosion resistance with respect to the alloy without Nb. the quantity of Nb proposed by 
this method did not yield satisfactory results in the corrosion resistance property 
evaluation we carried out outside the reactor. We observed the nodular corrosion 
phenomenon under severe conditions (steam at 500°C and pressure of 105 Atm). 
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The purpose of this invention is therefore to provide a method of manufacturing low-cost 
zirconium alloy with nodular corrosion resistant properties. 



(Means of resolving the problems) 

After some research and testing on the influence of materials on nodular corrosion 
resistant properties, we arrived at the following conclusions: 

1 From the nodular corrosion resistance standpoint, when the alloy contains all three 
elements - i.e.. Fe. Cr and Ni - better results are obtained with the least possible amount of 
Sn. However, if Sn is needed to increase the hardness of the alloy, it can be used up to 
1 .2% by weight without negatively impacting the corrosion resistance property. 

2. While we know that Sn interferes with the action of N. which lowers corrosion 
resistance performance, the N level is generally only 20 ppm for the melting and sponge 
technique currently used, such that an Sn level of 0.2% would be amply sufficient to 
prevent the undesirable effect of diminished corrosion resistant properties. 

It is clear from the above that our research focused specifically on the Sn property, which 
was previously unknown. Based on the findings of such research, we developed the 
following invention: 

Zirconium alloy having nodular corrosion resistant properties with the following 
composition: (% by weight) 

• 0.1-1 .2% Nb, and 0.2 - 1 .2% Sn 

• one or more elements: 

- Fe: less than 0.25% 

- Cr: less than 0.20% 

- Ni: less than 0.3% 

• zirconium and impurities (remainder) 



(Action) 

The reasons for choosing the above composition parameters is explained below. 

(a) Nb - Nb is generally added to improve nodular corrosion resistance. Its action as a 
corrosion resistance enhancement agent starts at the level of 0.1 % by weight, under the 
following existing conditions: 

• the Sn level in the zircaloy is lower than usual; 

• * the alloy contains all three elements: Fe, Cr and Ni. 

Starting at an Nb level of 1.0%. the alloy's corrosion resistance is enhanced as the alloy 
becomes harder. 

However, Nb is a very expensive element that absorbs a substantial amount of neutrons, 
so it is best to limit its use. As such, we decided upon an upper Nb usage limit of 1.2%. 



3 



(b) Sn - Very small quantities of Sn enhance corrosion resistance. However, this 
element unfortunately has the opposite effect if more than a certain amount is used. The 
corrosion resistance effect starts at an Sn level of 0.2%. 

Tests were performed with different levels of Sn to study the effects on the properties of 
the alloy. Surprisingly, a low level of Sn provides a high level of corrosion resistance, and 
the resistance only begins falling off at a level of 1 .2%. As such, we set the upper limit at 
1 .2%, but the desired level is 0.8%. 

The element Sn also increases hardness. If a harder alloy is desired, it can be added up to 
the limit set above. 

° Fe - The element Fe also enhances corrosion resistance. Increasing its usage level 
improves resistance up to an upper limit, beyond which it has the opposite effect. We thus 
decided upon an upper limit of 0.25% for it. 

(d) Cr - Like Fe, Cr enhances corrosion resistance. The effect- increases with the usage 
level, but reverses beyond 0.2%. Since this element is very sensitive to annealing 
temperature, it is not desirable to use a large amount. As such, we set the upper limit at 
0.2%. 

(e) Ni - Like Fe and Cr, Ni enhances corrosion resistance. Its effect increases with the 
level, but reverses beyond 0.3%. As such, we set the upper limit at 0.2%. 

After studying all the relevant criteria, i.e., corrosion resistance, mechanical properties and 
neutron absorption, we determined the parameters for using the following elements: 

I M = Nb + Sn + (Fe + Cr + Ni) 

Z M stands for the total amount of chemical elements contained in this alloy. Given the 
mechanical properties of the alloy, the total amount must be less than 0.7%. The amount 
of Sn is determined by subtracting the amounts of the other elements from the total 
amount, within the 0.2-1 .2% range. 



(Example) 

The test sample, a 2-mm sheet of material, is manufactured according to the process 
described below in an arc furnace with various parameters for the component elements 
(see table 1 ). Tests were performed in a circular steam system autoclave to evaluate 
corrosion resistance. Corrosion evaluation is based on whether white nodular corrosion 
patches appear. In practical terms, the corrosion threshold is a white patch measuring 0.1 
mm in diameter that can be detected by visual examination. 

The test conditions are: 

• Temperature 530°C 

• Pressure 105Atmde 

• Duration 100h 



Manufacturing Process 

o 0 treatment (1 050°C x 1 h, and WG water-quenched) 

Hot rolling (700 °C x 2h, Rd degree of treatment = 50%) 
o intermediate annealing <650°C x 2h) 
o Cold rolling (Rd degree of treatment = 70%) 
o Final annealing (577 °C x 3h) 
o Sheet of material 



Table 1: Findings of comparative nodular corrosion tests 
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Nb 


Sn 


Fo 


Cr 


Ni 


Nodular 
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0.07 


a 
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w. I O 
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O 08 


a 
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6 
6 


0.21 
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0.09 
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0.11 


0.10 


a 
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10 
11 
12 
13 
14 
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0.03 
0.03 
0.25 


0 

o 
o 
o 
o 


Eaamplo of our invention 
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a 


Eaamplo with high level of Ni 


21 
22 
23 
24 
26 
26 
27 
SB 
29 
30 


0.48 
0.51 
0.63 
0.55 
0.49 
0.22 
0.21 
0.1 S 
0.21 
0.13 


0.52 
0.50 
0.50 
0.53 
0.51 
1.10 
0.97 
0.61 
0.38 
0.22 


0.20 
0.18 
0.18 
0.10 
0.05 
0.25 
0.18 
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0.05 
0.08 
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0.13 
0.18 
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0.26 


a 
a 


Eaamplo with low level of Fe 
Eaamplo with low level of Nb 


Note 


0: No 
X: Noc 


nodular 
iular co 


corros 
rrosion 


on phenomenon 
phenomenon observed 
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The table shows the findings of the comparison between the materials according to our 
invention and the specific examples given. 

In cases 1 , 2, 3 and 4. which relate to zircaloys and zircaloys + Nb. nodular corrosion was 
observed. 

Cases 5 through 8 shows examples of our invention with, however, an Sn level above the 
set limit. These examples showed nodular corrosion. 

In examples 9. 1 5 and 20, the levels of the elements FeCr and Ni fall outside the set 
parameters. Likewise, cases 34 and 35 have Nb levels that exceed the tart »t in our 
invention. Corrosion was observed in all these cases. By contrast, no m^*™™*™ 
occurred with the examples with levels of the elements falling within the parameters. 

We thus drew the conclusion that the alloy according to our invention is more resistant to 
nodular corrosion than is observed with a standard alloy. 



(Outcome of our invention) 

As a result, an alloy produced using our method is more resistant to nodular corrosion than 
zirconium alloy, which is considered resistant, even with a low level of Sn. This can be 
achieved to the degree that one or more elements, including Fe. Cr and Ni, ^are ^used I wrth,n 
the proportional parameters defined above. The alloys according to our invention are even 
resistant to nodular corrosion under severe usage conditions. 

Assignee: Metal Industrial Co.. Ltd. 

Attorney. Agent or Firm: Patent Agent Shouichi HIROSE. 
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